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DIN：Dissolved Inorganic Nitrogen，溶解态无机氮 
TN：Total Nitrogen，总氮 
NH4-EN：Exchangable Ammonium in Sediment，沉积物可交换态氨氮 
NO3-EN：Exchangable Nitrate in Sediment，沉积物可交换态硝氮 
PN：Particulate Nitrogen，颗粒态氮 
DRP：Dissolved Reactive Phosphorus，活性磷酸盐 







DOC：Dissolved Organic Carbon，溶解有机碳 
TOC：Total Organic Carbon，总有机碳 
API：Antecedent Precipitation Index，前期降雨量指数 
DO：Dissolved Oxygen，溶解氧 
SOD：Sediment Oxygen Demand，沉积物耗氧量 
LOI：Loss on Ignition，烧失量 
JR：Jiulong River，九龙江 
NJR：Noth Jiulong River，九龙江北溪 
WJR：West Jiulong River，九龙江西溪 


























的综合影响。北溪上游人为污染重，沉积物 TN（1.8±1.1 g·kg-1）、TP（2034±2210 
mg·kg-1）和 TOC（23.6±13.9 g·kg-1）含量最高，中游梯级电站河段含量明显降低，
TN、TP、TOC 含量分别是 1.1±0.3 g·kg-1，793±315 mg·kg-1，11.3±3.9 g·kg-1。西
溪坡降较小，TN（0.8±0.3 g·kg-1）、TP（690±247 mg·kg-1）和 TOC（7.1±3.6 g·kg-1）
含量总体较低，分布较均匀。受河流输入主导，九龙江河口上游段的 TN（1.5±0.1 
g·kg-1）和 TOC（12.9±0.7 g·kg-1）含量介于北溪和西溪之间。九龙江北溪和西溪
沉积物 TOC、TN 和 TP 两两相关（p<0.01），表明主要来源相同。北溪流域红
壤分布广泛，加上铁锰矿石开采，Fe/Al-P 含量高（558±597 mg·kg-1，占 IP 的
63%±24%），明显高于西溪（452±196 mg·kg-1，占 IP 的 88%±8%）。梯级电站
库区沉积物总体上以粉砂为主（59%±8%），在降水和流量较大时砂粒增加，氧
化还原电位 Eh 较低，在流量较低时黏土和粉砂含量增加。黏土和粉砂含量沿梯
级电站下游方向逐渐下降，TN、TP 和 TOC 含量沿程下降。 
（2）升温显著增强沉积物 N、P、C 的生物地球化学过程和沉积物-水界面
交换通量。温度上升显著增加沉积物 NH4-N，DIN 和 DOC 的释放通量，同时增
加 NO3-N 的吸收通量。总体上，沉积物营养盐通量和温度（5°C-35°C 范围）呈
现指数相关（p<0.05）。沉积物孔隙水中 NH4-N（8.83±1.18 mg·L-1）显著高于上

















的耗氧过程（如矿化作用、硝化作用），沉积物吸附 NO3-N 通量与 SOD 呈显著
正相关（p<0.05），厌氧促进反硝化脱氮作用，反硝化产物溶存 N2和 N2O 含量显
著增加。沉积物磷行为从温度 5°C-25°C 时的吸附转变为高温（35°C）时的释放，
与高温时 DO 不足促进 Fe/Al-P 的解吸有关。模型预测全球变暖导致未来该地区
水温上升 2.3°C，相应的 NH4-N 的释放通量增加 0.89-4.22 g·m-2·y-1（7.0-16.8%），






















River sediment acts as source and sink for nutrients. The construction of cascade 
dams seriously changes the river hrdrological condition and sedimentary dynamics. 
And together with the dual influence of climate change (e.g. warming), they affect the 
sediment nutrient biogeochemical cycles and fluxes, then the watershed nutrient out-
put to the sea. This study selected the Jiulong River-Estuary as a whole research area, 
and the cascade reservoirs in the middle of the NJR as the representative study site. 
Through the field observation, we systematically analyzed the pattern of spa-
tial-temporal distribution and controlling factors of N, P, C in the surface sediment. 
Microcosm incubations were undertaken on October and December in 2015 to study 
the effects of warming on the N, P, C biogeochemical cyclys at the sediment-water 
interface. The main conclusions and findings are as follows: 
First, the spatial distribution of N, P, C in the surface sediments along the JR 
were regulated by watershed internal pollution load and the effects of cascade dams. 
The upper NJR suffered serious anthropogenic pollution so that it had highest content 
of TN (1.8±1.1 g·kg-1), TP (2034±2210 mg·kg-1) and TOC (23.6±13.9 g·kg-1). There 
was obviously decline of TN (1.1±0.3 g·kg-1), TP (793±315 mg·kg-1), and TOC 
(11.3±3.9 g·kg-1) at middle cascade reservoirs river. WJR had slightly slope and lower 
content of TN (0.8±0.3 g·kg-1), TP (690±247 mg·kg-1), and TOC (7.1±3.6 g·kg-1). The 
upper JRE, dominated by river output, had content of TN (1.5±0.1 g·kg-1), and TOC 
(12.9±0.7g·kg-1) which among the NJR and WJR. There were significant correlations 
among TN, TOC and TP (p<0.05), which indicated the same source pollution. It was 
widely spread of red soil and mining Fe-Mn ores in the NJR so that the Fe/Al-P con-
tent (558±597 mg·kg-1, account for 63%±24% of IP) was greatly higher than the WJR 
(452±196 mg·kg-1, account for 88%±8% of IP). The sediment grain composition of 
cascade reservoirs dominated by silt (59%±8%), sand content and redox potential in-
creased at high rainfall and discharge while silt and clay content increased at low dis-
charge. Silt and clay content decreased downriver across cascade reservoirs as well as 
TOC, TN and TP content. 
Second, rising water temperature can accelerate biogeochemial fluxes in the 
sediment-water interface. Warming significantly increased NH4-N, DIN and DOC 
















overlying water into sediments (p<0.05). In general, sediment nutrient fluxes had sig-
nificant exponential correlations with temperatures from 5°C to 35°C. NH4-N concen-
tration (8.83±1.18 mg·L-1) was significant higher in pore water than overlying water 
(1.34±0.63 mg·L-1) so that NH4-N flux increased rapidly with inceasing temperatures 
(p<0.05). NO3-N concentration (0.03±0.02 mg·L-1) was lower in pore water. Warming 
can stimulate the microorganism activities which consumed more DO (e.g. minerali-
zation and nitrification), and NO3-N flux into sediments had significantly positive 
correlation with sediment oxygen demand (SOD). Therefore, N2 and N2O concentra-
tion, the denitrification products, significantly increased (p<0.05) because anaerobic 
condtion would promote denitrification which could remove N. Sediment phousporus 
was absorbed from 5°C to 25°C but shift to release at 35°C, which was influenced by 
high content Fe/Al-P and Fe/Al-P was easy to desorb for the deficient of dissolved 
oxygen at high temperatures. Using river water-air temperature model, we estimated 
temperature increases 2.3°C in the future around study area which would increase 
mean sediment fluxes of NO3-N and NH4-N across cascade reservoirs by 0.00-1.81 
g·m-2·y-1 (8.9-28.6%) and 0.89-4.22 g·m-2·y-1 (7.0-16.8%). The spatial variations of 
sediment NH4-N, NO3-N and DOC flux were mainly controlled by sediment grain 
composition, denitrification and mineralization. It seems that the cascade reservoirs 
act as mutiple filters so that they play an important role in watershed nutrients output 
to the sea and water eutrophication. 
 














第 1 章 绪论 
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态系统受到显著影响并导致了环境质量的严重退化（晏维金, 2006; Howarth et al., 
2008; Seitzinger et al., 2010）。政府间气候变化专门委员会（IPCC）第一工作组第
五次评估报告（AR5）指出，人类活动极可能（95%以上可能性）导致了 20 世
纪 50 年代以来全球地表水温的上升，预计在 2090-2099 年时全球气温上升 2.6°C 
-4.6°C（Stocker et al., 2013）。河流是海洋和陆地间营养盐物质交换的主要通道，
但是水坝建设，尤其是梯级电站的开发，显著破坏了天然河流的自然属性和作用







（Howarth et al., 1996; Meybeck, 1998）。根据 Treguer（1995）的研究估算，全球
输入海洋的 DSi 中 80%来自河流的输送，但在河流大坝建设之后，水库对 DSi
的拦截大大增加，例如在多瑙河的研究发现水坝拦截导致的 DSi 进入黑海的浓度
减少一半以上（Humborg et al., 2000; Ittekkot et al., 2000）。 
营养盐（主要是 N、P）过量输入是导致库区富营养化的直接原因，除外源
输入外，在一定条件下，库区沉积物作为内源可向上覆水释放营养盐（Havens et 
al., 2001; 范成新等, 2006; Komatus et al., 2006）。在库区积累的有机颗粒沉降后，
由于库区水力停留时间长等原因，伴随发生有机质的矿化作用，从 NH4-N 开始
的硝化过程以及从 NO3-N 开始的反硝化过程等一系列变化（Jensen and Andersen, 




















量持续增加（Chen et al., 2012; Yu et al., 2015）。自 20 世纪末九龙江流域修建大量
的梯级水电站（朱俊雄, 2007）以及沿岸土地利用快速变化（Huang et al., 2011, 
2013），导致河流库区营养盐富集和水体富营养化问题日益突出（Chen et al., 
2013）。2009 年初，九龙江北溪上游龙岩段发生大规模的拟多甲藻水华事件并向














全球已建在建的各类大坝共计 6.8万座，其中中国坝高 15米以上的大坝 3.8万座，
占 55.9%。另外，超过 80 万座小型电站正在运作（Vörösmarty et al., 2000a; Nilsson 
and Berggren, 2000; Nilsson et al., 2005）。研究表明全球 25%的河流水量因水坝建
设而被控制或改变（Marble and Lough, 1997）。河流筑坝使河流湖库化，改变了
河流原有的生物地球化学特性，导致颗粒物迁移、搬运等过程发生显著变化，进
而影响其在河流中的输送过程和通量（Dynesius et al., 1994; Friedl and Wuest, 
2002; Teodoru and Wehrli, 2005）。例如，河流每年 TN 入海通量将近一半为 PN，
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